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Abstract

The role of metal (Au, Pt, and Ag) electrodes in YSZ electrolyte-based
impedancemetric nitric oxide (NO) sensors is investigated using impedance
spectroscopy and equivalent circuit analysis. The test cell consists of a rect-
angular block of porous YSZ with two metal wire loop electrodes, both
exposed to the same atmosphere. Of the electrode materials, only Au was
sensitive to changes in NO concentration. The impedance behavior of porous
Au electrodes in a slightly different configuration was compared with dense
Au electrodes and was also insensitive to NO. Ag showed no sensitivity to
either O9 or NO, and the measured impedances occurred at frequencies >
10 kHz, which are typically associated with ionic conduction in YSZ. Pt and
porous Au showed sensitivity to O2, which was quantified using power-law
exponents that suggest electrochemical rate-determining mechanisms occur-
ring at the triple phase boundary. The behavior of the dense Au suggests
different rate-determining processes (e.g., diffusion or adsorption) for the Og
reaction. Although the exact mechanism is not determined, the composition
and microstructure of the metal electrode seem to alter the rate-limiting step
of the interfering Oy reaction. Impedance behavior of the Oy reaction that
is limited by processes occurring away from the triple phase boundary may

be crucial for impedancemetric NO sensing.



Introduction

There has been considerable effort to develop high-temperature gas sensors
for combustion-related emissions, and a fast, reliable NO,, sensor is required
to comply with governmental regulations for emission limits.'® Ceramic-
based solid-state sensors are particularly well suited for in-situ operation in
harsh automotive environments. Yttria-stabilized zirconia (YSZ) has been
shown to be a good candidate electrolyte material. ! Development of YSZ-
based potentiometric and amperometric NO, sensors has typically targeted
different types of metal-oxide electrodes to optimize the response.®® How-
ever, stability has proven to be a problem for the long lifetimes required
(up to 10 years), where operation at constant current or voltage may induce
aging effects that lead to both morphological and compositional changes. '
Complicated device structures affecting cost and miniaturization are also a
problem for amperometric NO,, sensing, which may require a separate Oo
removal pumping cell, and for potentiometric sensing, which may require a
separate reference gas.

Solid-state impedance spectroscopy measures electrochemical cell prop-
erties over a range of frequencies, typically from sub-Hertz to mega-Hertz. '
The frequency-dependent properties can be used to identify individual elec-
trochemical components if they have significantly different time constants
(e.g., grain boundaries and grain cores in polycrystalline materials), in which

case they can be separated for individual analysis. The electrode impedance,



primarily associated with the behavior of the electrode/electrolyte interface,
dominates the low-frequency regime, typically less than 1 kHz.

YSZ-based impedancemetric sensors have been reported for sensing wa-
ter vapor, hydrocarbons, CO, and NO,.'2 15 A typically small-amplitude
alternating signal is applied, and the sensor signal is measured at a specified
frequency. Previous impedancemetric techniques have used the modulus (or
magnitude) at low frequencies (< 1 Hz) as the sensing signal and attribute
the measured response to interfacial phenomena. 14 More recent work has
also investigated using phase angle as the sensing signal at higher frequencies
(10 Hz). 16 The higher frequency measurements would potentially allow for
reduced sampling times during sensor operation.

Another potential advantage of impedancemetric NO, sensing is the sim-
ilarity in response to NO and NOj (i.e., total-NO,, sensing).!?13:15:16 Poten-
tiometric NO, sensors typically show higher sensitivity to NOs than NO,
and responses that are opposite in sign. However, NO is more stable than
NOg at temperatures > 600°C, and thermodynamic calculations predict ~
90% NO, balance NO,.!'” Since automotive exhaust sensors will probably
be required to operate at temperatures > 600°C, NO is the dominant com-
ponent in thermodynamic equilibrium and the target NO, species. Also,
the use of upstream catalysts could further promote the conversion of NO,
species to NO. Therefore, the focus of the current work is to investigate the

response to NO.



Mitigating the effect of interfering gases (e.g., Oz, water vapor, hydro-
carbons, etc.) is also necessary for sensor operation. For application in
automotive exhaust, strategies are being developed to account for hydro-
carbons and other gases. For impedancemetric NO, sensors, previous work
has demonstrated that the cross-sensitivity to Oy may be accounted for
by comparing measurements at multiple frequencies.'® A preliminary cross-
sensitivity study in conjunction with automotive dynamometer testing of
an impedancemetric YSZ-based sensor has been conducted and will be pub-
lished in a separate study.

Recent work by the authors investigated the impedance response of a
symmetric Au/YSZ/Au cell to Oy and NO,.'6 The cell had a symmetric,
in-plane geometry consisting of a dense YSZ electrolyte and two planar
Au plates, with a porous YSZ layer separating the Au and dense YSZ.
Both electrodes were co-located on the same side of the electrolyte and
exposed to the same gaseous environment (i.e., no reference gas). To further
understand the impedancemetric NO, sensing mechanism, the current work
focuses on the role of the dense Au electrode. Symmetric samples consisting
of a porous rectangular block of YSZ with two metal wire loop electrodes
are characterized using impedance measurements with the data then fit with
an equivalent circuit. The impedance response of Au electrodes in different
gas concentrations is compared with the impedance response of Ag and Pt

electrodes. The role of microstructure is also investigated by comparing the



impedance response of dense and porous Au.
Experimental

Rectangular blocks (17 mm X 5 mm x 3 mm) of porous yttria-stabilized
zirconia (YSZ) were fabricated using a slurry of YSZ powder (Tosoh Corp.,
8 mol% Y203-doped ZrOg9, 0.2 pm particle size), mixed with distilled wa-~
ter, dispersant (Duramax 3005, Rohm & Haas), binders (HA12 and B1000,
Rohm & Haas), and graphite pore formers (GE, AlfaAeser, 325 mesh, con-
ductivity grade).'® 20 Samples were sintered in air at 1550°C and resulted
in 65 to 70% porosity, as determined by water uptake measurements, and
fairly uniform pore sizes between 1 to 2 um, as shown in the SEM picture
in Fig. la.

Symmetric electrodes consisted of two tightly wrapped Au, Ag, or Pt
wire loops wound around the long axis of the rectangular block, as shown
in Fig. 2a. The separation distance between the wire loops varied from 2 to
7 mm. Additional YSZ slurry was applied on the wires and fired in air at
1000°C for 2h. Figure 1b shows an SEM picture of the fired slurry.

To elucidate the role of the Au electrode, another electrode configuration
was also investigated using symmetrical thin Au plates (6 mm x 6 mm)
pressed against either side of the porous YSZ block, as shown in Fig. 2b,
with and without a layer of Au paste (ESL 8880-G) between the Au plate

and porous YSZ. The Au paste was fired in air at 850°C for 1h to produce a



porous Au interlayer. External leads for electrical measurements were made
using Au metal contacts applied against the thin Au plates.

Gas sensing experiments were performed in a quartz tube (16.8 mm
I.D.) placed inside a tube furnace with both electrodes exposed to the same
environment. The gas flow rate was maintained at 100 ml/min with com-
position controlled by mixing air, No, and 1000 ppm NO using a standard
gas handling system equipped with thermal mass flow controllers.

Electrochemical measurements were performed using a Solartron Analyt-
ical SI 1260 Impedance/gain-phase analyzer with the Solartron Analytical SI
1287 electrochemical interface. Computer-controlled data acquisition used
the commercially available ZPlot and CorrWare software (Scribner Asso-
ciates, Inc.). Impedance spectra were obtained using an excitation voltage
of 50 mV over the frequency range 1 MHz to 1 Hz at 10 steps per frequency
decade. The excitation voltage was chosen based on current-voltage (IV)
measurements performed over the potential range -100 to 100 mV, which
always produced linear (ohmic) IV behavior. Impedance spectra were ana-

lyzed using Boukamp’s EQUIVCRT.COM software. 2!



Results and Discussion

Impedancemetric sensing behavior

For gas concentrations containing both Os and NO,, the following redox
reactions may occur:

%Oz +2e” = 0* (1)

NOy +2¢~ = NO + 0%~ (2)

Previous work by the authors proposed parallel contributions from the Oq
and NO,, reactions to the measured impedance in the Au/YSZ/Au system. 16
For gas mixtures containing 100 ppm or less of NO, and 2-18.9% Os, the
contribution of the Oy reaction to the measured impedance is much greater
than the NO, reaction due to the much larger Oy concentration. The ra-
tio between the two contributions then determines whether changes in the
smaller contribution of the NO, reaction will allow NO, species to be de-
tected. If the contribution of the Oy reaction to the measured impedance
is much larger than the NO, reaction, changes in the NO, concentration
would not affect the total measured impedance. Therefore, the Os reaction
may play a crucial role in determining NO,. sensitivity.

Electrochemical redox reactions involve a complex series of steps (e.g.,
adsorption of gas species, transport along surfaces, electron transfer, dif-
fusion of products away from reaction sites, etc.), and numerous studies,
especially in the area of solid oxide fuel cells, have sought to determine rate-

limiting mechanisms in an effort to improve fuel cell performance.??27 In



the current work, changes in the rate-limiting mechanism for the O5 reac-
tion, by altering the electrode composition or microstructure, are shown to
affect the ability to detect NO. This is a direct consequence of the paral-
lel contributions of the Oy and NO,, reactions to the measured impedance,
where the contribution of the Os reaction affects the relative influence of
the NO, reaction.

A commonly used method to investigate the rate-limiting step is mea-
suring the electrode resistance (R.;) over a range of Oy partial pressures
(Po,):

Re o P), (3)

where the value of 3 is used to characterize the type of species involved and
the corresponding elementary reaction step that could be rate-limiting.

Figure 3 shows the Nyquist behavior of the porous YSZ block with
wrapped Au wires (Au/YSZ/Au) at 650°C in 10.5% O2, 10.5% Oz + 100 ppm
NO, and 18.9% O,. The separation distance between the wire loops, which
varied from 2 to 7 mm, did not influence the measured impedance. In Fig. 3,
numbers corresponding to darkened points represent log of frequency in Hz.
Two frequency ranges of impedance behavior are clearly evident, separated
by a distinct cusp. The addition of either NO or increasing Oy concentration
causes similar changes in the low-frequency behavior (< 1 kHz), while the
high-frequency behavior (> 1 kHz) remains unaffected.

The change in concentration for NO (0 to 100 ppm) is about three or-



ders of magnitude smaller than the change in Oy concentration from 10.5%
to 18.9%, but both result in similar reductions in impedance. Therefore,
the changes in the low-frequency behavior, associated with the electrode
and electrode/electrolyte interface, are much more sensitive to NO than Os.
Previous work by the authors has shown qualitatively similar impedance
changes with varying NO and O2 concentration for an in-plane Au/YSZ/Au
cell with a dense YSZ electrolyte and a porous YSZ layer separating the
electrodes from the electrolyte.'® In the current work, the cell only contains
dense Au-wire electrodes and porous YSZ. The Au-wire configuration iso-
lates and clarifies the contribution of the Au/porous YSZ interface, which
appears to have a significant impact on impedancemetric sensing of NO.
The high-frequency behavior does not change with gas concentration (ei-
ther O2 or NO) and represents ohmic contributions (from leads, etc.) and
resistance contributions from the ionic conduction in YSZ and related phe-
nomena such as current constriction. Since the separation distance between
the wire loops did not affect the impedance, the primary ionic contribu-
tion seems to be from the additional YSZ slurry applied on the wires, and
not from the porous YSZ block. This high-frequency contribution to re-
sistance can be approximated by the cusp between the high-frequency and

low-frequency ranges at ~ 1 kHz in Fig. 3.
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Equivalent circuit analysis

Equivalent circuit analysis was used to investigate behavior in the low-
frequency range (< 1 kHz), where the electrode impedance was affected by
changing gas concentration (O2 or NO). Discrete arcs in the Nyquist repre-
sentation are generally considered to indicate processes with distinguishable
characteristic time constants (7). For a perfect resistor and capacitor in
parallel, the diameter of the arc corresponds to the magnitude of the resis-
tance (R), and 7 = R x C' = 1/wy,yp, where C' is the value of the capacitor,
and wiep is the angular frequency at the top of the arc. However, multiple
phenomena often exhibit similar time constants causing the arcs to be con-
voluted. At least two orders of magnitude difference between time constants
are necessary to produce clearly separated arcs. In addition, heterogeneity
at the interfaces may also lead to a distribution of time constants, instead
of a single time constant, which has been used to explain the appearance of
“depressed” arcs that deviate from ideal semicircular behavior. !

To simulate non-ideal behavior, constant phase elements (CPEs) are
used in place of the capacitive components in the equivalent circuit. The
CPE has the impedance relationship!': Z(w) = [Yp(jw) "] 7!, where Yj is a
constant, w is angular frequency, and n is a measure of arc depression. For
n = 1, there is no arc depression, and the CPE behaves like a capacitor with
a value of Yj.

The equivalent circuit used to interpret the data obtained in this study,

11



shown by the inset of Fig. 4, models the impedance behavior at frequen-
cies less than ~ 1 kHz. The circuit consists of a resistor (Rg) in series
with two subcircuits, both of which contain a resistor (R ) in parallel with
a constant phase element (CPE). The subscripts “S” and “LF” stand for
series and low-frequency, respectively. The value of Rg approximates the
high-frequency (> 1 kHz) contribution to the total cell resistance, which
is unaffected by gas concentration. The first subcircuit in Fig. 4, R}
and its parallel CPE (Y and n'), represents behavior occurring at slightly
higher frequencies (i.e., intermediate frequencies) than the second subcir-
cuit, R} and its parallel CPE (Y and n”). The combined values of R’ .
and R/ correspond to the total resistance of the electrode reactions and
electrode/electrolyte interfacial phenomena.

The necessity for two subcircuits to model the experimental data indi-
cates that multiple phenomena may be occurring. The model was fit to the
experimental impedance data using the partial non-linear least squares fit-
ting routine in the Boukamp EQUIVCRT.COM software.?! A typical result
for 10.5% Os is shown in Fig. 4. In this figure, the overall fit is shown as
the solid line. The individual contributions from each subcircuit are shown
as the dotted lines with the first subcircuit (R} and its parallel CPE, Y]
and n’) at the higher frequency and the second (R and its parallel CPE,
Yy and n) at the lower frequency.

Note that the two subcircuits in series are used to model impedance

12



behavior with and without NO, and do not correspond directly with the Oq
and NO reactions. The effect of changing Os and NO concentrations on
the impedance occurs over similar frequency ranges (see Fig. 3), so their
individual contributions are not modeled with the two subcircuits. The two
subcircuits in series are therefore not directly associated with the individual
parallel contributions of the Os and NO reactions to the total measured
impedance. Instead, the two subcircuits account for the total contribution
of all reactions that are occurring.

Figure 5a shows the Nyquist behavior of the same cell (Au/YSZ/Au) at
650°C in varying O2 concentrations (2-18.9%). Also shown are the results
using the equivalent circuit model (shown as solid lines). The values cal-
culated from the fitting procedure for each Os concentration are shown in
Table 1. For the non-ideal behavior of the CPE, the time constant 7 can be

approximated using the following expression:?®

7= (R x Yp)'/" (4)

The convolution of the arcs associated with the two subcircuits corre-
sponds to the similarity in the calculated time constants, 7/ and 7”. Phe-
nomena with similar time constants are difficult to isolate and model with
individual circuit elements, and the fitting with two subcircuits should be
viewed as an approximation. Also, the deviation of n-values from ideal be-

havior (i.e., n=1) and the variation of n-values with Oz concentration may
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indicate heterogeneity and/or additional complex phenomena unaccounted
for by the two subcircuits.
Using the best-fit values, the effect of oxygen partial pressure, Po,, on the
values of the individual contributions to the electrode resistances (R}  and
Y i) is shown in Fig. 5b. Rg, which approximates the high-frequency con-
tributions, is insensitive to Po,, which is expected since it accounts for ohmic
contributions (from leads, etc.) and the ionic conductivity of the YSZ. Pre-
vious work by the authors has measured the Oy dependence of a symmetric
Au/YSZ/Au planar cell. !0 In that work, the electrode resistance appeared
as a single arc with minimal arc depression (n ~ 0.9), and the electrode
resistance scaled as P52'62.16 A Po, dependence of Rpp P52'5 has been
suggested when dissociative adsorption of oxygen or transport of atomic oxy-
gen to the electrochemical reaction site are the rate-limiting steps.23:2%:26
In the current work, both R}, and R/, have an oxygen dependence
of P58'37. Due to the uncertainty in fitting multiple convoluted arcs, only
a tentative conclusion can be drawn about the rate-determining step. The
current analysis therefore focuses on differences in NO sensitivity and Po,
dependence of the Au wire loop electrode in comparison to other electrode
materials (Pt and Ag), or with a porous microstructure (Au electrode).
This study examines the role of the electrode material, porosity, and elec-

trode/electrolyte interface.
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Varying composition: Pt and Ag

Figure 6a shows the Nyquist behavior for a porous YSZ block with wrapped
Pt wires (Pt/YSZ/Pt) at 650°C in varying Oy concentrations (7-18.9% Oa).
The Nyquist behavior at 2% O3 is not shown and behaves very similarly
to the 7% Og data. For all Oy concentrations, no changes in impedance
behavior occurred with the addition of 100 ppm NO.

The solid lines in Fig. 6a are the best fit to the data using the equiva-
lent circuit model in Fig. 4. Unlike with the Au-wire electrodes, only one
subcircuit, R} and its parallel CPE (Y and n’), was necessary to ade-
quately model the behavior of the Pt/YSZ/Pt cell. Smaller n-values were
obtained (n ~ 0.5), which may indicate severe inhomogeneity or multiple
processes that are not able to be resolved clearly as separate arcs. The cal-
culated parameters from the fitting procedure are listed in Table 2. Similar
to the Au-wire electrodes, a distinct cusp is evident separating two fre-
quency ranges (see inset of Fig. 6a), where the higher frequency range is
unaffected by changes in gas concentration. The resistance values measured
for Pt-wire electrodes are significantly smaller than the resistance values for
Au-wire electrodes (see Fig. 3) at identical gas concentrations. For Pt-wire
electrodes in 10.5% Og, Rg and R}, are ~ 2 and ~ 0.1 k{2, respectively, as
seen in Fig. 6a. In contrast, for Au-wire electrodes, Rg is ~ 10 k2, and the
combined values of R} and R/ are ~ 9 k), as shown in Fig. 3. Figure 6a

also shows that the electrode impedance for the Pt/YSZ/Pt cell occurs at
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higher frequencies (~ 1 kHz) than the corresponding behavior using Au-wire
electrodes (~ 10 to 100 Hz, see Fig. 3).

The most pronounced difference between the Au/YSZ/Au and Pt/YSZ/Pt
cell behaviors is how the electrode resistance varies with O concentration.
The total electrode resistance for the Au-wire cell, given by the combined
values of R} and R, decreases with increasing Oy concentration, while
the opposite trend is evident for the Pt-wire cell. Figure 6b demonstrates
the effect of Pp, on the electrode resistance (R} ) for Pt/YSZ/Pt. Over
the Og concentration range 7-18.9%, the electrode resistance is proportional
to P%g. Recall that Fig. 5b showed a P5g'37 dependence for the Au-wire
cell. For the Pt-wire cell, the data show that the P%g7 dependence may
no longer apply for decreasing Os concentrations, where the electrode re-
sistance increases slightly from 7 to 2% Os. Since there is only one data
point to characterize this change in behavior, only a tentative conclusion
can be made about changes in the sign of the power-law exponent at lower
Oz concentrations. Nevertheless, the complex behavior of the Pt/YSZ/Pt
cell with two apparently different power-law exponents at lower and higher
O2 concentrations seems to agree with previous work where charge transfer
at the triple phase boundary is the rate-determining step.

1/4 and -1/4 power-law exponents have been attributed to a rate-limiting
charge transfer step at the triple phase boundary.?32%30 The Péz and P5§

dependences are based on Langmuir-type dissociative Oy adsorption where
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the 1/4 power-law exponent occurs at low temperature and/or in the high
Po, range, and the -1/4 power-law exponent occurs at high temperature
and/or in the low Pg, range.?3293 Previous work with Pt/YSZ films mea-
sured the exchange current density and demonstrated the gradual transition
between the 1/4 and -1/4 electrode behavior over a range of temperatures
and Og concentrations.3! In the current work, the Pt/YSZ/Pt cell may also
be exhibiting this type of transition associated with a rate-limiting charge
transfer step.

Figure 7 shows the Nyquist behavior of the porous YSZ block with
wrapped Ag wires (Ag/YSZ/Ag) at 650°C in 10.5% Oz. Unlike both the
Au- and Pt-wire electrodes, only a single arc is evident that occurs in the
high-frequency range (> 10 kHz). This impedance behavior was unaffected
by either changes in Oy or NO concentration. Since the single arc occurs at
higher frequencies and does not change with gas concentration, the behavior
can be attributed to ohmic contributions and resistance contributions from
the YSZ and current constriction. The high-frequency resistance value for
Ag-wire electrodes is also much larger (~ 100 k2) compared to values seen
in either the Au- (~ 10 k) or Pt-wire (~ 2 k) electrodes.

The large impedance of the Ag-wire electrode was likely due to cur-
rent constriction contributions from the imperfect contact between Ag and
YSZ, which may have been caused by thermal expansion mismatch. Table

4 lists the linear thermal expansion coefficients for YSZ, Au, Pt, and Ag.
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Ag, compared to Au and Pt, has the largest thermal expansion mismatch
with YSZ, which has an expansion coefficient about 10.5x1076 K=1.32 The
large mismatch probably allowed minimal contact area between the Ag wire
and the porous YSZ leading to the large impedance of the high-frequency
contribution. The Ag-wire electrode did produce small values for the lower
frequency electrode resistance (occurring < 1 kHz), which were not clearly
resolved due to the dominance of the large impedance of the high-frequency
contribution. The small electrode resistance (low Oy overpotential) of Ag
with YSZ has been attributed to the high solubility and mobility of Oo
within the Ag bulk.3334

Comparison of the behavior of Au-, Pt-, and Ag-wire wrapped porous
YSZ cells shows that only Au-wire electrodes demonstrate sensitivity to NO.
For the case of Ag, the large thermal expansion mismatch with YSZ damages
the interface during processing and causes only the high-frequency behavior
to be discerned, which does not vary with Os or NO concentration. For Au
and Pt, a closer thermal expansion match with YSZ (see Table 4) allows
the values of the electrode resistance at lower frequencies to be examined
separately from the higher frequency behavior.

Both Au and Pt exhibit a power-law dependence for the variation of

the electrode resistance with O9 concentration. The power-law dependence

0.62)

found in previous work (see Ref. [16]) with dense Au electrodes (P,

and in the current work with Au-wire electrodes (P52'37) differ significantly
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from the behavior of the Pt-wire electrode (P%y). The difference in Oq
dependence indicates a difference in the rate-limiting step.

For Pt, the rate-limiting step appears to occur at the triple phase bound-
ary or reaction site, whereas for the Au-wire electrode, the reaction is more
likely limited by gas adsorption and/or transport to the reaction site. A
possible explanation for the difference is the relative catalytic activity for
the Oy reduction reaction (Eq. 1). Au is a poor catalyst compared to Pt,
which is known to be a very effective Oy reduction catalyst. More work is
needed to clarify the mechanisms involved and the role of the Os reduction
catalytic activity of the electrode material.

The difference in NO sensitivity for Au and Pt may be related to the
relative catalytic reaction rates for the Os and NO, reactions. Based on
parallel contributions from Oy and NO, reactions to the total measured
impedance, increasing the contribution of the Oy reaction relative to the
NO, reaction would then decrease the influence of the NO, reaction path,
i.e., reduce NO, sensitivity. For Pt, the high O catalytic activity may
be responsible for the different rate-limiting step compared to Au and also
for an increase in the contribution from the Os reaction compared to NO,.
Similarly, the Ag electrode, due to the high solubility and mobility of O2
within the Ag bulk, may also cause an increase in the contribution of the
O3 reaction relative to NO,. Differences in the rate-limiting step for the

05 reaction, and its effect on the ratio between the contributions of O9 and
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NO, reactions to the total measured impedance, seems to be an important

factor in determining the sensitivity to NO.

Varying microstructure: dense and porous Au

The role of the Au electrode microstructure was investigated using a sym-
metric cell consisting of the porous YSZ slab in contact with two dense
Au plates, with and without a porous Au interlayer between the Au plate
and porous YSZ, as shown in Fig. 2b. The porous Au interlayer served to
increase the electrode/electrolyte interfacial contact area and the amount
of electrode surface area compared to the dense Au-wire electrodes. The
porosity of the YSZ slab should allow sufficiently fast gas diffusion to the
interface so that the relevant geometrical factor is more likely the entire 2D
area of the porous Au/YSZ interface as opposed to the 1D line where gas
enters between the Au plate and porous YSZ slab.

Figure 8a shows the Nyquist behavior of the symmetric cell (Au/porous
Au/YSZ/porous Au/Au) in varying Oz concentrations (2-18.9% O2) at
650°C. The cell with porous Au was insensitive to NO (data not shown). The
solid lines in Fig. 8a are the best fit using the equivalent circuit model in Fig.
4. Table 3 lists the calculated parameters. In analogy to the Pt/YSZ/Pt
cell with wrapped dense wires, the behavior of the cell with porous Au was
adequately described using only a single subcircuit, R} and its parallel
CPE (Y§ and n'). Also, the impedance behavior described by the single

subcircuit for the cell with porous Au occurred at higher frequencies (~ 100
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Hz to 1 kHz) compared to the Au wire sample (~ 10 to 100 Hz).

Figure 8b shows the effect of Po, on the electrode resistance. R} j» is pro-

0.13

.~ over the Oz concentration range 2-18.9%. As previously

portional to P
discussed with the Pt electrode, power-law exponents ranging from -1/4 to
1/4 have been attributed to charge transfer at the triple phase boundary
as the rate-determining step.?*?%3° The P, dependences of the cells with
either porous Au or dense Pt wire electrodes seem to suggest the same rate-
limiting step. However, for similar Oy concentration ranges (7-18.9%), the
Pt wire-wrapped porous YSZ exhibits behavior consistent with low temper-
ature or high Oy concentration (i.e., positive power-law exponents, see Fig.
6b), while the cell with porous Au exhibits behavior consistent with high
temperature or low Os concentration (i.e., negative power-law exponents,
see Fig. 8b). The difference in behavior may be indicating the better cat-
alytic activity of the Pt electrode for the Oy reaction compared to the porous
Au.

To clarify the effect of the porous Au electrode, two additional experi-
ments were conducted. Since different geometries were used to investigate
the wire-wrapped samples discussed previously (see Figs. 2a and b), a con-
trol sample without the porous Au interlayer was tested. The symmetric
control sample (Au plate/YSZ/Au plate) consisted of the porous YSZ slab
in contact with two Au plates. This is analogous to the Au wire-wrapped

sample albeit with different contact areas. Figure 9 shows the Nyquist be-
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havior for Au plate/YSZ/Au plate at 700°C in 10.5% O, 10.5% Oy +
100 ppm NO, and 18.9% O,. The higher temperature was used to allow
measurement of the very large impedance values (> 500 k2) caused by the
reduced contact area, and therefore more limited electrochemical reaction
sites, between the Au plate and the YSZ. In the wire-wrapped samples, bet-
ter contact was achieved by applying additional YSZ slurry to the wires. As
anticipated, the Au plate/YSZ/Au plate cell shows impedancemetric sens-
ing of NO, where the impedance decreased with the introduction of 100 ppm
NO. Furthermore, a rough approximation for the Oy dependence based on
the behavior of the Au plate/YSZ/Au plate cell, using equivalent circuit
parameters calculated from data for 10.5 and 18.9% O, was found to yield
P58‘42. Therefore, the effect of the porous Au electrode is to change the O9
dependence and the rate-determining step.

The second experiment involved clarifying the effect of reducing the num-
ber of electrochemical reaction sites (i.e., triple phase boundary length) be-
tween the Au and YSZ. From the wire and dense plate experiments, cells
exhibiting NO sensitivity also had large impedance values (> 10 kQ2) that
indicate relatively low population of electrochemical reaction sites, while
sensors with smaller impedance values were not sensitive to NO. For the
cell with porous Au interlayers, the lack of NO sensitivity was due to an in-
crease in the ratio of electrode surface area to triple phase boundary, which

resulted in a different rate-limiting mechanism. The lack of NO sensitivity
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should not be attributed to increasing the triple phase boundary length. To
demonstrate that the change in rate-limiting mechanism is responsible for
predicting NO sensitivity, and not changes in the triple phase boundary,
another symmetric cell with porous Au was tested that had a significantly
reduced area of the porous Au interlayer. The result was a test cell with
much larger impedance values due to the a smaller contact area between the
porous Au and YSZ compared to the original cell.

Figure 10a shows the Nyquist behavior of the sample with the reduced
area of porous Au interlayers in varying Oz concentrations (2-18.9% O2) at
700°C. Again, the higher temperature was used to allow measurements at
the large impedance values, which increased to > 100 k(2. No change in
impedance behavior occurred with the addition of 100 ppm NO. Thus, the
cell with porous Au remained insensitive to NO even with the significantly
reduced number of reaction sites. The Os dependence of the high-impedance
cell with porous Au, using calculated equivalent circuit parameters, was
found to be given by Pag.zs' The Po, dependence of the high-impedance
cell with porous Au differs from the the low-impedance cell (P(_)g'l?’), al-
though both values are in the range attributable to charge transfer at the
triple phase boundary as the rate-limiting mechanism (power-law exponents
ranging from -1/4 to 1/4).

The results of the low- and high-impedance cells with porous Au interlay-

ers indicate that increasing or decreasing the triple phase boundary affects

23



the Og reaction rate and magnitude of the measured impedance, but does
not necessarily affect the rate-limiting mechanism or NO sensitivity. This
suggests that the rate-limiting mechanism may provide information about
the NO sensitivity and the relative contributions of Oz and NO reactions to
the measured impedance. Modification of the electrode surface microstruc-
ture by increasing the surface area relative to the triple phase boundary
(i.e., porous Au vs. dense Au) seems to alter the rate-limiting mechanism
for the O3 reaction, indicating an increase in the relative contribution of the

Og reaction compared to NO and the inability to sense NO.

Conclusions

For impedancemetric NO sensors based on YSZ-electrolyte, both the elec-
trode composition and microstructure alter the sensitivity. Only dense Au
electrodes exhibit sensitivity to NO, while other compositions for dense wire
electrodes (Pt and Ag) and porous Au electrodes do not respond to changes
in NO concentration. The NO sensitivity seems to be related to the rate-
determining step for the Oy reaction. The importance of the Oy reaction
may be due to its larger contribution, compared to NO,, to the overall mea-
sured impedance. For parallel contributions from NO, and Os reactions,
the dominant Oy reaction determines if changes in the NO, concentration
will influence the overall measured impedance.

Both dense Pt wire and porous Au electrodes show impedance behavior
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consistent with charge transfer at the triple phase boundary as the rate-
limiting step for the Os reaction. Dense Au electrodes show impedance
behavior consistent with either adsorption or diffusion as the rate-limiting
step for the Oo reaction. The results suggest that a rate-limiting step for
the O reaction occurring away from the triple phase boundary may be

important for impedancemetric NO sensing.
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List of Figures

Fig. 1: SEM pictures of (a) the rectangular porous YSZ slab and (b) the
YSZ slurry applied on wires.

Fig. 2: Schematic of (a) wire setup to investigate composition (Au, Pt, and
Ag) and (b) plate setup to investigate microstructure (dense and porous
Au).

Fig. 3: Nyquist plot of Au/YSZ/Au cell at 650°C in 10.5% O, 10.5% Oo
with 100 ppm NO, and 18.9% Os. Numbers corresponding to darkened
points represent log of frequency in Hz.

Fig. 4: Nyquist plot of Au/YSZ/Au cell at 650°C in 10.5% Oz and the
equivalent circuit model used to calculate the best-fit (solid line), which
consists of a resistor (Rg) in series with two subcircuits. The first subcir-
cuit consists of R}, and its parallel constant phase element (CPE: Y and
n’) and represents behavior at slightly higher frequencies than the second
subcircuit, which consists of R ;. and its parallel CPE (Y’ and n”). The
subscripts “S” and “LF” stand for series and low-frequency, respectively.
Individual contributions from each subcircuit are shown as dotted lines.
Fig. 5: (a) Nyquist plot of Au/YSZ/Au cell at 650°C in varying Oy con-
centrations (2-18.9%) and the calculated best-fit to the equivalent circuit
model (solid lines). (b) The Pp, dependence of R} . and R/ .

Fig. 6: (a) Nyquist plot of Pt/YSZ/Pt cell at 650°C in varying O2 concen-

trations (7-18.9%) and the calculated best-fit to the equivalent circuit model
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(solid lines). (b) The P, dependence of R’ 5.

Fig. 7: Nyquist plot of Ag/YSZ/Ag cell at 650°C in 10.5% O2 and the
calculated best-fit to the equivalent circuit model (solid line).

Fig. 8: Nyquist plot of porous Au electrode (Au/porous Au/YSZ/porous
Au/Au) cell at 650°C in varying Oz concentrations (2-18.9%) and the cal-
culated best-fit to the equivalent circuit model (solid lines). (b) The Po,
dependence of R .

Fig. 9: Nyquist plot of Au plate/YSZ/Au plate cell at 700°C in 10.5% Oa,
10.5% Og with 100 ppm NO, and 18.9% O3, and the calculated best-fit to
the equivalent circuit model (solid lines).

Fig. 10: Nyquist plot of porous Au electrode (Au/porous Au/YSZ/porous
Au/Au) cell with significantly reduced contact area at 700°C in varying Oz
concentrations (2-18.9%) and the calculated best-fit to the equivalent circuit

model (solid lines). (b) The Pp, dependence of R} .
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Table 2: Best-fit parameters for Pt/YSZ/Pt at 650°C in various Og concen-
trations using the equivalent circuit model in Fig. 4.
Rs () Rpp () Yo (F) o

2% Oo 2100 133 3.38x107° 0.51
7% Oq 2108 127 2.63x107° 0.56
10.5% O, 2113 140 2.61x10™° 0.57
18.9% Oy 2122 151 2.08x107° 0.61

Table 3: Best-fit parameters for porous Au electrodes at 650°C in various
02 concentrations using the equivalent circuit model in Fig. 4.

Rs () Rpp () Yo (F) o

2% Oq 1613 386 1.56x10~° 0.68
10.5% Os 1612 322 1.22x107° 0.71
18.9% O, 1621 284 1.05x10™° 0.73

Table 4: Linear thermal expansion coefficients () for YSZ3? and metal

electrodes at 25°C.35
Composition « x 10% (K1)

YSZ ~ 10.5
Au 14.2
Pt 8.8
Ag 18.9
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